Life-history theory predicts a trade-off between reproductive investment and self-maintenance. The negative association between fertility and longevity found throughout multicellular organisms supports this prediction. As an important exception, the reproductives of many eusocial insects (ants, bees, and termites) are simultaneously very long-lived and highly fertile. Here, we examine the proximate basis for this exceptional relationship by comparing whole-body transcriptomes of differently aged queens of the ant Cardiocondyla obscurior. We show that the sets of genes differentially expressed with age significantly overlap with age-related expression changes previously found in female Drosophila melanogaster. We identified several developmental processes, such as the generation of neurons, as common signatures of aging. More generally, however, gene expression in ant queens and flies changes with age mainly in opposite directions. In contrast to flies, reproduction-associated genes were upregulated and genes associated with metabolic processes and muscle contraction were downregulated in old relative to young ant queens. Furthermore, we searched for putative C. obscurior longevity candidates associated with the previously reported lifespan-prolonging effect of mating by comparing the transcriptomes of queens that differed in mating and reproductive status. We found 21 genes, including the putative aging candidate NLaz (an insect homolog of APOD), which were consistently more highly expressed in short-lived, unmated queens than in long-lived, mated queens. Our study provides clear evidence that the alternative regulation of conserved molecular pathways that mediate the interplay among mating, egg laying, and aging underlies the lack of the fecundity/longevity trade-off in ant queens.
Introduction
Why organisms age and die and why they do so at different rates are among the most fundamental and least understood phenomena in biology. Of the various mechanistic and evolutionary explanations for aging and death (e.g., Rose 1990; Hughes and Reynolds 2005) , those that involve a trade-off between fecundity and longevity have gained considerable empirical support. Throughout multicellular organisms, including volvocine algae, Drosophila, Caenorhabditis and human beings, increased investment in early and current reproduction negatively affects longevity (Stearns 1989; Westendorp and Kirkwood 1998; Michod et al. 2006; Flatt 2011; Tabatabaie et al. 2011) . On the molecular level, there is evidence that this trade-off might be mediated by (IIS) and downstream endocrine signals, for example, juvenile hormone (JH) in insects (Flatt et al. 2005; Flatt and Kawecki 2007) . Mutations in the IIS pathway were shown to have antagonistic pleiotropic effects on lifespan and reproduction in Drosophila melanogaster, Caenorhabditis elegans, and mice (Tatar et al. 2001; Partridge et al. 2005) .
Perennial eusocial insects, such as termites, ants, and many bees, and eusocial Fukomys mole-rats, are a striking exception: Dependent on their environment, individuals may grow into long-lived reproductives or short-lived, nonreproductive workers (Keller and Genoud 1997; Keller 1998; Jemielity et al. 2005; Heinze and Schrempf 2008; Schmidt et al. 2013 ). This suggests that, on the population level, the trade-off between fecundity and longevity is reversed in these organisms. In addition, mating might not be that detrimental for the female reproductives (queens) of social insects as for solitary insects (Partridge et al. 1987; Trevitt and Partridge 1991) . The short mating period early in life and the storage of sperm by queens result in a lifelong pair bond of males and females. This predicts that males benefit from increasing the lifespan of their female partners, as was already shown in the ant Cardiocondyla obscurior (Schrempf et al. 2005) .
Understanding how reproductives of eusocial animals evade the fecundity/longevity trade-off not only serves to identify idiosyncratic pathways that link mating, fecundity, and lifespan but also might provide fundamental insight into the evolution of aging in general. Hence, considerable efforts have been made to reveal the physiological, endocrine, and transcriptomic correlates of the different life expectancies of reproductives and nonreproductives (Parker et al. 2004; Corona et al. 2005 Corona et al. , 2007 Grozinger et al. 2007; Haddad et al. 2007; Jemielity et al. 2007; Schneider et al. 2011) . For example, experiments addressing the oxidative stress theory of aging (which considers reactive oxygen species as a cause of aging; e.g., Finkel and Holbrook 2000) consistently showed that antioxidant enzyme gene expression and activity are lower in queens than in workers (Parker et al. 2004; Corona et al. 2005; Schneider et al. 2011 ). This might be explained either by a lower generation of reactive oxygen species in queens or by the mediation of oxidative stress resistance through other molecules, such as vitellogenin (Vg; Seehuus et al. 2006; Havukainen et al. 2013) . Honeybee queens indeed have a higher titer of vitellogenin, associated with lower JH titers and lower expression of insulin-like peptide and receptor genes compared with workers (Corona et al. 2007) . As this observation disagrees with the opposing effects of IIS and JH on lifespan and reproduction in Drosophila melanogaster (Flatt et al. 2005) , it has been suggested that the traditional positive relationships between nutrition and IIS, and between JH and Vg, are reversed in honeybee queens (Corona et al. 2007; Remolina and Hughes 2008) .
However, comparisons between queens and workers are often confounded because the two female castes typically differ not only in fecundity but also in developmental, morphological, physiological, and behavioral traits. All of these might affect the tempo of aging and senescence. To disentangle the effects of variation in phenotype, mating status, fecundity, and resource availability on lifespan require alternative approaches, for example, a comparison among reproductives of different fecundity and longevity.
Here, we used the ant C. obscurior as a social insect model to investigate the proximate mechanisms underlying variation in lifespan independent of variation in genotype, development, and morphology. Its colonies are typically inbred because young queens mate in the nest with wingless males and stay there to reproduce (e.g., Heinze and H€ olldobler 1993) . Queens are relatively short-lived (approximately 6 months), which allows monitoring their total lifespan and lifetime reproductive success (Schrempf et al. 2005; Heinze and Schrempf 2012) . We used two approaches to investigate the effects of age and mating on gene expression.
First, we compared the transcriptomes of young mated (4-week-old) and old mated (18-week-old) C. obscurior queens to identify general signatures of aging. We then compared these data with transcriptomes of female D. melanogaster of different age (Pletcher et al. 2002; Doroszuk et al. 2012) .
Second, we contrasted transcriptome data among three different types of 18-week-old queens, which were subjected to different mating regimes known to affect future life expectancy and fecundity: 1) Virgin queens (short average lifespan and low average fecundity, 18.2 weeks and 6.8 eggs per week); 2) mated queens (long lifespan and high fecundity, 26.0 weeks and 20.5 eggs per week), and 3) queens mated to sterilized males (sham-mated queens, long lifespan and low fecundity, 25.8 weeks and 6.1 eggs per week; Schrempf et al. 2005) .
Finally, we investigated whether mating-induced gene expression changes in C. obscurior match those previously found in female D. melanogaster and honeybees.
Our results reveal for the first time a comprehensive picture of gene expression patterns associated with age, mating, and fecundity in a social insect and indicate that conserved pathways involved with senescence in solitary species may experience a reversal in gene expression patterns.
The commonality of aging found between two species with opposite life histories indicates a persistent action of developmental genes later in life.
Results

Gene Expression Patterns of All Four Types of Queens
To reveal the effects of age and mating on gene expression, we analyzed transcriptomic data of four types of queens: MQ4 = 4-week-old mated queens, MQ18 = 18-week-old mated queens, SQ18 = 18-week-old sham-mated queens, VQ18 = 18-week-old virgin queens. We sequenced individual queens to account for biological variation across samples and achieved a final sample size of seven (MQ4, MQ18, SQ18) and six (VQ18) replicates. The principal component plot of all samples indicated a separation of MQ4 and VQ18 from all other groups and considerable overlap of SQ18 and MQ18 ( fig. 1 ). To analyze age-specific expression, we first compared the transcriptomes of MQ4 and MQ18 and found 783 differentially expressed genes (DEGs) (adjusted P value < 0.05, supplementary file S1, Supplementary Material online).
To disentangle the effects of mating and reproduction, we contrasted the gene expression profiles of MQ18, SQ18, and VQ18. VQ18 differed from MQ18 in 37 genes and from SQ18 in 350 genes, whereas SQ18 and MQ18 differed in five genes (adjusted P value < 0.05, supplementary file S1, Supplementary Material online). Alignment Search Tool]) in DAVID to test for a functional enrichment in all lists of DEGs. The 242 genes more highly expressed in MQ18 compared with MQ4 (160 orthologs) revealed an enrichment for Gene Ontology (GO) terms associated with reproduction, which reflects the higher rate of reproduction in older queens (supplementary file S2, Supplementary Material online). Clustering of these 102 GO annotations for biological processes (BP) resulted in five groups, which are best described by the terms cell cycle, cellular component assembly, female germ-line cyst encapsulation, germ cell development, and establishment or maintenance of cell polarity (table 1) .
KEGG pathway analysis of the 541 genes more highly expressed in MQ4 (336 orthologs) revealed a significant enrichment in fructose and mannose metabolism (P = 0.01), purine metabolism, pentose phosphate pathway, and metabolism of xenobiotics by cytochrome P450 (P < 0.05). The 37 significant GO terms also pointed to an association with mainly catabolic and biosynthetic processes. The most significant terms of the three generated clusters were cellular carbohydrate catabolic, organic acid metabolic, and nucleoside monophosphate biosynthetic process. Besides, genes involved in muscle contraction were overrepresented in the set of downregulated genes (P = 0.0009).
Functional Annotation of Genes Associated with Mating (VQ18 vs. MQ18 and SQ18, SQ18 vs. MQ18) Neither the 33 genes with higher expression (19 orthologs) nor the 4 genes with lower expression (one ortholog) in VQ18 compared with MQ18 showed a significant functional enrichment. However, when we included eight genes for which homology was established by simple BLAST to D. melanogaster (e value < 10 À05 ), GO analysis suggested an elevation in carbohydrate metabolic process in VQ18 (P = 0.008).
The 93 genes with lower expression in VQ18 compared with SQ18 (74 orthologs) were enriched for the GO terms protein localization in organelle (P = 0.004), organelle fission (P = 0.022), and 14 related BP. The 257 genes with lower expression in SQ18 (186 orthologs) were enriched for more diverse categories, which were summarized by the following terms: Neurological system process, muscle cell development, phototransduction, cyclic nucleotide metabolic process (P < 0.001), alcohol catabolic process, and homeostatic process (P < 0.01, a complete list of enriched terms is provided in supplementary file S2, Supplementary Material online).
An enrichment in nucleobase, nucleoside, nucleotide, and nucleic acid metabolism (P = 0.045) was found in the four genes more highly expressed in SQ18 compared with MQ18 (four orthologs).
Overlap of Age-and Mating-Associated Expression Patterns
We determined the overlap of age-and mating-associated expression differences by comparing all four lists of DEGs ( fig. 2) . We found the highest overlap between genes with higher expression in MQ4 relative to MQ18 and genes with higher expression in VQ18 than in MQ18 or SQ18 ( fig. 2 , top right). Fewer genes showed the opposite pattern, that is, had lower expression in MQ4 and VQ18 than in MQ18 (bottom right).
Twenty-one genes were differentially expressed in both the comparison of VQ18-MQ18 and VQ18-SQ18. They presumably reflect physiological changes as consequence of mating rather than of fertilization. All of them had higher transcript abundances in the shorter-lived phenotype, and all except PRL-1 were more highly expressed in MQ4 than in MQ18 ( fig. 3 ). Thirteen genes have orthologs in D. melanogaster (table 2) . Including five genes with putative homologs in D. melanogaster yielded a significant enrichment in carbohydrate metabolic process (P = 0.024). Across all three treatments, expression of these 21 genes showed a minimum at intermediate egg-laying rates instead of a linear relationship (supplementary file S3, Supplementary Material online).
Comparison of Genes Differentially Expressed with Age in Mated Queens and Fruit Fly Females
We performed a quantitative comparison of age-related gene expression changes in C. obscurior and D. melanogaster females by including expression differences between young and aged females (about 65% survival; Pletcher et al. 2002) as well as between young and extremely old females (10% survival; Doroszuk et al. 2012 ). The D. melanogaster studies resembled each other regarding the lists of genes upregulated in older individuals (table 3) . A significant number of these (table 4) . Furthermore, transcripts, which contribute to the development and contraction of muscles, were less abundant in MQ18, but more highly abundant in extreme old flies. Genes that were increasingly expressed with age in C. obscurior, but downregulated in very old D. melanogaster, play a role in cell division and reproduction. Genes expressed in the same direction did not overlap significantly, but showed a significant enrichment in cell differentiation (P = 0.004). In addition, cell fate determination, neurogenesis, and anatomical structure homeostasis were identified as processes upregulated with age in both species.
Cross-Species Comparison of Mating-and Reproduction-Associated Transcriptomic Changes
We compared our data with several previous studies in D. melanogaster and honeybees, Apis mellifera, which focused on short-term gene expression changes linked to mating or reproduction (supplementary file S4, Supplementary Material online). Though we examined queens only several weeks after mating, we found significant overlap of the DEGs in these studies with our DEGs in VQ18 versus SQ18, but not with the other two contrasts (table 5) . Genes with higher expression in VQ18 were significantly enriched for genes downregulated by sperm, but surprisingly also for genes upregulated by accessory gland proteins in female fruit flies. Likewise, genes downregulated in the brains of mated honeybee queens and genes downregulated in reproductive honeybee workers were overrepresented in the list of genes with higher expression in VQ18. A GO term enrichment analysis revealed that the expression of genes involved in muscle development and contraction is consistently reduced by mating in C. obscurior queens and D. melanogaster females and by the onset of reproduction in A. mellifera workers. Furthermore, significantly more genes were found to be upregulated in SQ18 and brains of incompletely mated honeybee queens (intermediate) compared with virgin individuals than expected by chance.
Genes Related to Aging in D. melanogaster
We screened the C. obscurior genome for 136 genes with documented effects on longevity in D. melanogaster and found 95 orthologs. Eight of them showed differential expression with age or mating status or both (table 6) . Neural Lazarillo (NLaz) was identified to be less expressed in both SQ18 and MQ18 types. Nlaz and Sirt6 were oppositely expressed in ant queens and fly females with regard to age, whereas rutabaga and Muscle LIM protein at 84B were regulated in the same direction.
Discussion
Opposite Gene Expression Changes in Aging Queens and Female Flies
Female reproductives of social insects appear to suffer less "mortality costs" from mating and reproduction than females of solitary insects (Partridge et al. 1987; Trevitt and Partridge 1991; Eady et al. 2007 ). On the contrary, mating extends the lifespan of Cardiocondyla ant queens (Schrempf et al. 2005) and their longevity increases with egg laying rate (Heinze and Schrempf 2012; Heinze et al. 2013; A. Schrempf, unpublished data) . Evolutionary theories of aging explain the long lifespan of social insect queens and the absence of the fecundity/longevity trade-off from their low extrinsic mortality, as queens live in the relative safety of well-protected, often subterraneous, nests (Keller and Genoud 1997; Carey 2001 ). Proximately, this suggests an alternative regulation of the conserved pathways that mediate the interplay among mating, egg laying, and aging. Our study provides support for this hypothesis at the transcriptome level: Age-related changes in gene expression had opposite directions in two taxa with opposite life histories. Transcriptional changes of aged female (Pletcher et al. 2002; Doroszuk et al. 2012 ) and male (Zou et al. 2000; Girardot et al. 2006 ) flies reflect their decline in reproductive capacity (e.g., Tatar et al. 1996) . In contrast, the observation that C. obscurior queens increase their reproductive efforts with age and show reproductive senescence only immediately before they die, if at all (Heinze and Schrempf 2012) , is consistent with the differences between the transcriptomes of young and older C. obscurior queens found in this study.
Furthermore, aged and extremely old female D. melanogaster exhibit a higher expression of genes involved in cellular ketone, carbohydrate, and organic acid metabolism than young female flies, whereas these genes were downregulated in older relative to young C. obscurior queens. The decline of muscle formation and contraction in aging C. obscurior queens is consistent with the adaptation to a stationary mode of life and might contribute to save energy. Together with the downregulation of metabolism genes, it might also delay the accumulation of physiological damage. Reproductives of several social insects have lower levels and activities of oxidant enzymes than nonreproductives, which might indicate a reduced generation of oxygen radicals (Parker et Ten genes were consistently upregulated in aged (Pletcher et al. 2002) and very old flies (Doroszuk et al. 2012 ) and downregulated in ant queens: ref(2)P, emp, IscU, P5cr-2, CAP, CCHa2, CG3168, CG13124, CG9701, CG11796. For these genes, the mean lfc of both analyses is given. 
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Common Gene Expression Changes in Aging Queens and Female Flies
Aging is largely regarded as the result of wear and tear. At the same time, the overlap of gene expression changes found during aging and during development in mammals suggests that aging is a regulated process under genetic control (de Magalhães 2012). From this point of view, genes showing agespecific expression changes in the same direction across taxa might be universal regulators of aging. Here, we identified the downregulation of rut and Mlp84B and the upregulation of genes involved in cell fate determination, neurogenesis, and anatomical structure homeostasis as common signatures of aging. This result supports the idea that developmental processes might continue beyond maturity and become detrimental later in life when selection is relaxed (de Magalhães and Church 2005) . In Caenorhabditis elegans, age-related expression changes are controlled by three transcription factors, which are not affected by the accumulation of damage (Budovskaya et al. 2008) . Extending this theory to our study, selection for late reproduction in social insect queens might specifically prevent the drift or cessation of developmental programs, which optimize reproduction, such as insulin signaling.
Gene Expression Changes Associated with the Lifespan-Prolonging Effect of Mating
A comparison of the transcriptomes among 18-week-old egg-laying virgin queens, mated queens, and queens mated with sterilized males yielded additional insight into the effects of mating and reproduction. Cardiocondyla obscurior queens that are unmated (or sham-mated) and lay only few eggs are tolerated in the colony and receive the same treatment from workers as more fecund, mated queens (Schrempf et al. 2005 (Schrempf et al. , 2011 . Nevertheless, both mated and sham-mated queens live significantly longer than virgin queens do. Consistent with this phenotypic similarity, MQ18 and SQ18 differed in their transcriptomic profiles in only five genes. Interestingly, the transcriptomic profile of VQ18 was more similar to the profile of MQ18 than to the profile of SQ18 considering the number of gene expression differences. Similar to our results, Kocher et al. (2008) found more DEGs between unmated and "intermediate" queens than between unmated and mated, egg-laying queens. Furthermore, significant overlap of genes downregulated in SQ18 compared with VQ18 with genes downregulated by sperm in D. melanogaster (McGraw et al. 2004 ) and by mating in brains of honey bees (Kocher et al. 2008 (Kocher et al. , 2010 indicates that short-and long-term The differential regulation of conserved, public mechanisms may relate to lifespan regulation in these different biological contexts, although presumably with opposing consequences. This corresponds to the contrasting effect of mating on longevity in these taxa. Out of the 257 genes with higher expression in VQ18 compared with SQ18, 21 genes had also significant higher expression than in MQ18. Given that sham-mated queens live as long as mated queens and at the same time display low fecundity similar to that of virgin queens, these genes are particularly interesting because they might be correlated with the different speed of aging. The five carbohydrate-degrading and proteolytic enzymes Trehalase, Maltase B1, cathD, CG4678, and CG3108 point to a reduced need of these energy resources in mated queens. The differential expression of Trehalase, Maltase B1, NLaz, obstructor-E, Glucose dehydrogenase and a homolog of human DAK give further support that mating has an effect on carbohydrate metabolism and homeostasis. In addition, NLaz, Adenylyl cyclase 76E (Ac76E), and a JH binding protein (homolog to CG34316) indicate an involvement of the Insulin/IGF signaling pathway (IIS) and JH. Noticeably, our data do not hint at a major role of vitellogenin in regulating fecundity or longevity in C. obscurior. So far, we identified Cobs_01486 as the only gene in the genome of this species possessing the vitellogenin domain (pfam01347). This gene is orthologous to the honeybee "vitellogenin-like" GB52464 and was moderately downregulated in MQ18 compared with MQ4 (fold change = 0.7).
Candidate Genes
The lipocalin NLaz, which is homologous to vertebrate Apolipoprotein D (APOD), was shown to promote metabolic homeostasis and tolerance to certain types of stress by repressing Insulin/IGF signaling (IIS) in the fly model (Hull-Thompson et al. 2009 ). Consequently, flies overexpressing NLaz have an extended lifespan at the expense of reduced growth (Hull-Thompson et al. 2009; Ruiz et al. 2011) . Experiments with female flies predict that NLaz decreases food intake, decreases fat storage with age, increases locomotor activity, and enhances mating behavior. Ant queens depend on extensive energy intake for the continuous production of eggs. It is therefore not surprising that this gene is less expressed in older, more fertile queens than in younger queens. Furthermore, NLaz expression was reduced in mated C. obscurior and A. mellifera queens (Kocher et al. 2010 ) relative to virgin queens, indicating a regulatory function of postmating behavior and metabolism. Consistent with the expression pattern of NLaz, the differential regulation of Ac76E-a direct transcriptional target of foxo (Mattila et al. 2009 )-indicates that IIS activity is lower in short-lived virgin queens. Corona et al. (2007) hypothesized that a reduction of IIS in the head of bee queens contributes to their longer lifespan compared with workers. In contrast, Insulin-like receptor (InR) was shown to be important for ovary development and reproduction in dipterans and ants (Tatar et al. 2001; Okada et al. 2010; Lu and Pietrantonio 2011) . Our results, including the upregulation of InR in older, more fertile queens, point to the involvement of IIS but do not suggest a general reversal of the traditional relationship between nutrition and IIS as proposed for the honeybee (Corona et al 2007) . Instead, we found that lifespan differences are accompanied by the differential expression of carbohydrate-metabolizing enzymes. This suggests that mating triggers a change in metabolism to allow a long life and maximize the reproductive output at the same time.
Conclusions
Our study reveals a number of genes that change expression with age and as a function of reproductive status. The important commonalities and differences in age-related expression changes between C. obscurior queens and D. melanogaster females may be of broad interest in the community of aging researchers working on diverse organisms. The comparison among virgin, sham-mated, and mated queens shows how the effects of mating and fecundity on queen longevity can be separated and suggest a number of promising candidates for further in depth studies on the complex regulation of fundamental life-history traits in social insects.
Materials and Methods
The Study Organism
Cardiocondyla obscurior is a tropical tramp species (Heinze et al. 2006) , which nests in cavities of dead twigs and leaves (Seifert 2002 ) . Its successful establishment around the globe through human activities is possible because of several specific life-history traits, such as the continuous production of sexuals, the presence of multiple queens per nest, mating in the nest, and colony propagation by budding. These traits also facilitate rearing and maintenance of Cardiocondyla colonies in the lab. Its small colonies contain on average 20 female workers, several reproductive queens, and a single wingless male, which monopolizes mating with any newly produced queen by killing younger rival males reared in the colony (Kinomura and Yamauchi 1987; Stuart et al. 1987; Heinze and Delabie 2005) .
Experimental Design and Sampling
We established 73 experimental colonies from laboratory stock colonies derived from the genome reference population in Bahia, Brazil (Schrader et al. 2014) . Each nest contained 20 workers, 10 larvae, and a single queen pupa, which was assigned to one of three treatments: Mated (MQ), shammated (SQ), and virgin (VQ). MQ colonies were set up with an additional male pupa about to eclose simultaneously with the queen, whereas VQ did not have contact to males. For the SQ treatments, we sterilized the added male prior to its introduction to the nest by exposure to X-rays (120 G; 2.95 AE 0.12 G/min; Schrempf et al. 2005) . Colonies with males that died within 1 week after irradiation were excluded from further analysis. Sterilized males transfer only unviable sperm and consequently SQ can only produce male offspring from unfertilized eggs (Schrempf et al. 2005) . From these three treatments (MQ, SQ, and VQ), individuals were sampled after 18 weeks (MQ18, SQ18, and VQ18), corresponding to the age when 50% of virgin queens had died in a previous experiment (Schrempf et al. 2005) . In addition, mated queens which were set up as the mated queens described above were sampled after 4 weeks (=MQ4; Schrempf et al. 2015) to assess age-related changes under normal circumstances. These young queens started to lay eggs 1 week after emergence and consistently increased their egg-laying rate within the 3 weeks before sampling.
The colonies were reared in Petri dishes with plaster and fed three times per week with chopped cockroaches and diluted honey according to standard protocols ad libitum. All eggs were counted and removed twice per week in the first month and subsequently once per week. The number of workers and larvae was standardized by adding or removing individuals to 20 workers and 10 larvae per colony. Developing male and queen pupae were removed to avoid replacement or (additional) mating of the focal queens. All queens were individually snap-frozen in liquid nitrogen and stored at À80 C until further processing. We monitored survival and reproductive output of queens. Mating type had no significant effect on the survival of queens until 18 weeks, but mean egg-laying rates differed significantly between all three queen types (details in supplementary file S5A, Supplementary Material online).
Library Preparation and Sequencing
Individual queens were transferred into RLT Plus buffer (QIAGEN) and homogenized by using Lysing Matrix Tubes and a FastPrep bead shaker (MP Biomedicals). Subsequently, total RNA was extracted following the RNeasy Plus Micro Kit protocol (QIAGEN). We measured RNA content and quality with an Agilent 2100 Bioanalyzer, which indicated yields of 20-200 ng of total RNA per queen. To obtain sufficient RNA to prepare a sequencing library, whole RNA was amplified after conversion into cDNA (NuGEN Ovation RNA-Seq System V2). After sonic fragmentation, and adapter ligation and incorporation of multiplex barcodes (NuGEN Encore Rapid Library Systems), the 28 samples were randomly distributed across different lanes of a flow cell and sequenced on an Illumina HiSeq1000 platform.
RNA-Seq Analysis
On average, 24 million 100-bp single reads were generated per sample. Quality of raw reads (phred scores 4 30) was assessed by FastQC version 0.10.1 (Andrews 2010) . Adapter residuals were trimmed with Cutadapt version 1.2.1 (Martin 2011) . Using Bowtie2 version 2.1.0 (Langmead and Salzberg 2012) in combination with the splice junction mapper TopHat version 2.0.8 (Trapnell et al. 2009 ), the sequences were mapped with default settings against the C. obscurior reference genome Cobs1.4 (Schrader et al. 2014 , mapping statistics in supplementary file S5B, Supplementary Material online). Subsequently, HTSeq-count version 0.5.4 ) was used for counting reads. Normalization of raw counts and the tests for differential gene expression were performed with DESeq2 version 1.6.2 (Love et al. 2014 ) in R version 3.1.2 (R Core Team 2014). We tested MQ18 against MQ4 and then contrasted the three treatments MQ18, SQ18, and VQ18. Raw P values were adjusted for multiple testing (Benjamini and Hochberg 1995) . A principal component analysis was conducted on expression values of the top 500 genes with the highest variance across all samples after variance stabilization in DESeq2. Centroids were added by means of the package Vegan version 2.2-1 (Oksanen et al. 2015) . Areaproportional Venn diagrams were generated with EulerAPE (Micallef and Rodgers 2014) .
Functional Annotation
We inferred orthology by applying a reciprocal BLASTp between all 17,552 predicted C. obscurior genes and the D. melanogaster (dmel-all-translation-r5.56 .fasta) and A. mellifera (amel_OGSv1.1_pep.fa) genomes by means of the BLAST+ toolkit (Camacho et al. 2009 ). This resulted in 6,959 fruit fly and 7,948 honeybee orthologs, corresponding to 68% and 72% of the annotated fly or bee genes, respectively. For the remaining genes, the most similar homolog was defined as the best hit of the one-way protein BLAST against the fruit fly or honeybee genome on condition that the e value was smaller than 1 e-05. Functional annotation of genes was obtained by loading all 6,959 genes with reciprocal orthologous relationships to fly genes as background into DAVID (Huang et al. 2008) . A modified Fisher's exact test was used for testing of enrichment (EASE < 0.05) for GO terms (Ashburner et al. 2000) and KEGG pathways (Kanehisa and Goto 2000) in the sets of DEGs relative to the background. As the lists of DEGs between VQ18 and MQ18 and of the common genes between the contrasts VQ18-MQ18 and VQ18-SQ18 did not reveal a functional enrichment considering orthologs, we repeated the test by including homologs.
Cross-Species Comparisons
We compared our results with similar studies in insects that addressed mating-and aging-related transcriptome changes. We compared our data with two independent studies to determine overlap in age-related changes between C. obscurior queens and D. melanogaster females: A study of young and old virgin female D. melanogaster (90% vs. 10% survival) by Doroszuk et al. (2012) and a study that compared the transcriptomes of 7-and 23-day-old mated fly females (=aged females with about 65% survival) from Pletcher et al. (2002) . We did not identify any other data sets that were suitable to compare age-related transcriptome changes in insect females.
We assessed six further data sets for similarities to our transcriptomic comparisons among mated, sham-mated, and virgin C. obscurior queens. Three of these data sets focused on mating-induced changes in gene expression of D. melanogaster females (McGraw et al. 2004 ) and A. mellifera queens (Kocher et al. 2008 (Kocher et al. , 2010 . The other three comparative data sets were derived from studies of reproduction-or ovary-status-associated gene expression changes in A. mellifera workers (Grozinger et al. 2007; Cardoen et al. 2011; Wang et al. 2012 ). We excluded another study (Zhou et al. 2014) because it did not report on a sufficient number of orthologs of our genes (<50%) to allow for a meaningful comparative analysis (see supplementary file S4, Supplementary Material online). We also screened our lists of DEGs for the presence of putative D. melanogaster aging candidates retrieved from the GenAge database (Tacutu et al. 2012) .
The given identifiers were converted to the current gene annotations that we used for determining orthologs (as described above). Normalized log-transformed expression values from microarrays of two studies on flies (Pletcher et al. 2002; Doroszuk et al. 2012) were analyzed with limma version 3.22.4 (Ritchie et al 2015) . The definition of DEGs was based on an false discovery rate (FDR) < 0.05 for all data sets, only Grozinger et al. (2007) applied a 97.5% confidence level cutoff. As for the functional enrichment analyses, we restricted the comparison to the set of unambiguous orthologs. Up-and downregulated genes were analyzed separately. To perform quantitative comparisons we generated contingency tables containing the number of DEGs found in both studies, the number of DEGs not found in the other study in each case and the number of all remaining genes. A one-sided Fisher's exact test then revealed whether more genes overlapped than expected by chance.
Data Accessibility
Raw sequencing data have been deposited in SRA under the BioProject accession numbers PRJNA293450 (MQ18, SQ18, VQ18: SRR2177525-SRR2177544) and PRJNA284224 (MQ4: SRR2033894-SRR2033897, SRR2033903-SRR2033905).
Supplementary Material
Supplementary files S1-S5 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
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